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We demonstrate plasmon assisted energy transfer between fluorophores located at distances up to 
7 jim. on the top of a thin silver film. Thanks to the strong confinement and large propagation length 
of surface plasmon polaritons, the range of the energy transfer is almost two orders of magnitude 
larger than the values reported in the literature so far. The parameters driving the energy transfer 
range are thoroughly characterized and are in very good agreement with theoretically expected 
values. 
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Coupling of fluorescent emitters has been a topic of 
major interest in research over the past decades. The 
relevance of this subject stems from its many possible 
exploitations. In the domains of chemical-physics and 
life science, short-range dipole-dipole interaction (Forster 
Resonant Energy Transfer, FRET) between fluorophores 
has been widely employed to study phenomena occurring 
over distances of the order of 10 nm [1-3]. 

Coupling between fluorophores can be tailored by 
shaping their electromagnetic environment. Together 
with the emergence of nanophotonics, several studies 
about the influence of a nanostructured environment on 
fluorescent emission have come to light [4]. In partic¬ 
ular, it has been demonstrated that metallic structures 
can lead to the control of the rate, the intensity and the 
directionality of fluorescent emission [5, 6], and single 
photon generation of single plasmons has been observed 
and studied [7-9]. Plasmonic structures are attractive 
because, due to the high confinement of plasmon modes, 
they can ensure a very efficient coupling between the 
emitter and the environment, as demonstrated by the ob¬ 
servation of high Purcell factors [10, 11]. Furthermore, 
plasmons can propagate over distances going from a few 
microns to several millimeters, depending on the material 
and the wavelength. 

While the interaction between plasmons and one fluo¬ 
rescent emitter has already been widely studied, the in¬ 
fluence of a plasmonic environment on the coupling be¬ 
tween different fluorophores has been explored only in 
very specific situations involving FRET [12-21]. In this 
regime, dipole-dipole interaction restricts energy transfer 
to distances of a few nanometers. In this Letter, we study 
the interaction between fluorophores in a plasmonic envi¬ 
ronment from a different perspective. We take benefit of 
the confined propagation of surface plasmons polaritons 
(SPP) along the interface between a metal and a dielec¬ 
tric to realize the transfer of energy between fluorophores 
on distances which are much larger than what would be 
allowed by FRET. We report on the observation of plas¬ 
mon assisted energy transfer between ensembles of fluo¬ 


rescent molecules lying on top of a continuous silver film 
over distances up to 7 /im. The first ensemble (donor) is 
excited by a laser and then decays by launching a SPP 
propagating on the top surface of the metallic layer. The 
energy carried by the plasmon is then absorbed by the 
second ensemble of fluorophores (acceptor) embedded in 
a thin polymer layer deposited on top of the metal. Flu¬ 
orescence photons emitted by the acceptor are the signa¬ 
ture of the plasmon assisted energy transfer between the 
donor and the acceptor. On the basis of a simple theo¬ 
retical model we estimated the energy transfer efficiency 
to be enhanced by the presence of the plasmonic film by 
up to a factor of 30. 

The sample, shown in Fig. la, is made of a 50 nm 
thick silver layer deposited on a glass coverslip and then 
covered by a layer of Si 02 (thickness 10 nm) which pro¬ 
tects the metal against oxidation and prevents quenching 
of the fluorophores by the metal. An aqueous solution 
containing polyvinyl alcohol (PVA), acceptor molecules 
(Atto665, AttoTec Gmbh) and donor polystyrene fluo¬ 
rescent beads (Red FluoSpheres, 100 nm diameter, In- 
vitrogen) was then spin-coated on the silica layer. The 
parameters of the spin-coating process and the concen¬ 
tration of acceptors and donors in the initial solution 
are chosen in order to have a few isolated donor beads, 
surrounded by a homogeneous layer of acceptors, about 
50 nm thick. The distance between two close-by donors 
is such that a single donor bead can be addressed eas¬ 
ily with the excitation laser. Care has been taken that 
the donor emission spectrum and the acceptor absorp¬ 
tion spectrum have a good overlap, which is needed for 
the energy transfer to occur. Moreover, since the aim 
is to realize the transfer via a SPP, the spectral overlap 
of the donor-acceptor pair has been chosen such that it 
occurs in a region of the spectrum for which the plasmon 
can propagate over distances up to several microns. 

In the experiment, we excite the donor bead with a 
supercontinuum pulsed laser (Fianium SC450, repeti¬ 
tion rate 10 MHz), filtered at 532 nm (filter bandwidth 
20 nm). The excitation laser, as shown in Fig. 1, is 
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FIG. 1. a) Sketch of the sample, b) Scheme of the experimen¬ 
tal setup. MLF: micro-lensed fiber, D: donor, A: acceptor, c) 
Fluorescence spectrum of the donor only (blue) and of the 
acceptor only (red) on the top of a 50 nm thick silver film 
with a 10 nm silica spacer, d) Fluorescence decay rate of a 
donor bead on the silver film in the presence (red) and in the 
absence of the acceptors (blue). 


focused on the bead over a spot of 1.5 fim by means 
of a micro-lensed fiber (Nanonics Imaging Ltd., working 
distance 4 //m), mounted on a three axis piezoelectric 
nanopositioner. Efficient collection of acceptor fluores¬ 
cence is ensured by an oil immersion microscope objec¬ 
tive (xlOO, N.A.=1.4), located below the sample (see 
Fig. lb). Fluorescence photons are then filtered by a 
dichroic mirror and detected either by a fibered spec¬ 
trometer (Acton SP2300, Princeton Instruments, fiber 
core diameter 50 //m) or, after passing through a con- 
focal pinhole (diameter 50 /im), by an avalanche pho¬ 
todiode (MPD PDM-series) in order to perform decay 
rate measurements (acquisition board PicoQuant Hydra- 
Harp400). In either case, the signal which is measured 
arises from a 500 nm sized region of the sample which is 
optically conjugated with the detection system. The use 
of the microlensed fiber allows us to separate the excita¬ 
tion and the detection regions by a very well controlled 
distance d going up to several microns. Indeed, the po¬ 
sition of the microscope objective is fixed while both the 
sample and the microlensed fiber can be translated. To 
measure the acceptor fluorescence as a function of d, we 
move the donor and the microlensed fiber together by a 
distance d with respect to the microscope objective. Flu¬ 
orescence of the donor collected through the microlensed 
fiber is monitored on an avalanche photodiode and max¬ 
imized for each distance. An EM-CCD camera allow us 
to record wide-held images of the sample. Eluorescence 
emission spectra of acceptors only on silver and of a donor 
only on silver are reported in Eig. Ic in red and blue re¬ 
spectively. Moreover, in order to check the inhuence on 
the donor of the presence of acceptors in its proximity, we 
compared the huorescence decay of the donor on silver in 


the presence and in the absence of the acceptors, when 
the excitation spot coincides with the huorescence collec¬ 
tion region (i.e. d = 0 jam in Eig. lb). This measurement 
is reported in Eig. Id and shows that the decay rate of 
the donor in the presence of the acceptors (red data) is 
larger than without acceptors (blue data) by a factor of 
1.4 (see [23] for complementary information). This ehect 
is due to the dipole-dipole interaction between the donor 
and the acceptors surrounding the bead, which is respon¬ 
sible for a short-range energy transfer (ERET) occurring 
between molecules located at distances of the order of 
ten nanometers. 

In order to characterize the propagation of the plasmon 
launched by the donor on the silver him, we monitored 
the radiative losses of the plasmon for several distances 
d up to 6 jam. The sample used is made as the one pre¬ 
viously described except that the acceptor molecules are 
absent in the PVA layer. Experimental results are shown 
in Eig. 2. The wavelength dependence of the dielec¬ 
tric constant of silver induces a dependence of the prop¬ 
agation length of the plasmon on the wavelength. Since 
longer wavelengths of the spectrum propagate over longer 
distances, the plasmon spectrum is red-shifted during the 
propagation. This appears clearly in Eig. 2a that shows, 
in blue, the spectrum of the donor at d = 0 jam and, 
in black, the spectrum of plasmonic radiative losses de¬ 
tected at d = 5 jam. In order to confirm the origin 
of the observed red-shift, we fit the experimental spec¬ 
tra, for several distances d, with a function given by the 
product between the spectrum of the donor on silver at 
d = 0 jam and the decreasing exponential decay behavior 
of the plasmon propagating along the interface between 
a semi-infinite silver layer and a semi-infinite PVA layer 
(e = 2.25). The dependence of the dielectric constant of 
the silver film on the wavelength is taken into account 
[22], on the basis of the Drude model with five interband 
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FIG. 2. a) Normalized spectra of the radiative losses of the 
plasmon launched by the donor due to scattering by surface 
roughness. Blue and black curves: experimental data for 
d = 0 and d = 5 pm respectively. Red curve: fit to the experi¬ 
mental data at d = 5 pm taking into account the dependence, 
on the wavelength, of the dielectric constant of silver, b) Scat¬ 
tered intensity as a function of the distance d. Black points: 
experimental data, black solid line: fit to the experimental 
data (see text for details). Error bars have been calculated 
by taking into account the statistical error on the entries in 
each bin of the spectrum histogram. 
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transitions. The result of the fit for d = 5 /iui is the red 
curve plotted in Fig. 2a, which is in very good agreement 
with the experimental data. We have verified that a good 
agreement is found when fitting the data for distances up 
to 6 jam. At larger distances the signal to noise ratio in 
the spectroscopic measurements is of the order of unity 
which prevents one to perform any reliable analysis of 
the data. The spectrally averaged propagation distance 
of the SPPs excited by the donor, can be estimated 
from the experimental spectra recorded as a function of 
the distance d. Fig. 2b shows a plot of the total inten¬ 
sity of plasmonic radiative losses as a function of d to¬ 
gether with a fit (solid line in Fig. 2b) using the function 
A/d exp(—d/Zi:)), where A is a normalization constant. 
The fit results in a propagation length of 3.4 ± 0.1 jam. 
This is slightly smaller than the theoretically expected 
value = 3.8 /am estimated by calculating the average 
of the SPP propagation length over all the donor fluores¬ 
cence spectrum range, weighted by the fluorescence in¬ 
tensity at each wavelength. The slight difference is likely 
due to the theoretical estimation in which losses due to 
surface roughness are not accounted for. 

After characterizing the propagation of the plasmon 
launched by the donor, we studied the occurrence of 
the energy transfer between the plasmon and the ac¬ 
ceptors embedded in the PVA film. For that purpose, 
we measured the spectrum at different distances d from 
the donor position on the sample sketched in Fig. la. 
To have a thorough understanding of the measurements, 
the various processes that could contribute to the sig¬ 
nal collected at distance d from the donor must all be 
appropriately considered. First, due to the finite size of 
the excitation laser spot (diameter of 1.5 jam) acceptors 
located in the proximity of the donor can be directly ex¬ 
cited by the laser. This effect has been minimized by blue 
detuning the excitation laser with respect to the accep- 
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FIG. 3. Black points: Spectra measured at a distance d from 
the donor ranging from 2 jam to 5 jam, with an integration 
time of 200 s. The red curve is the result of a fit of the 
experimental data with a function which is the sum of the 
acceptor fluorescence spectrum and the plasmon spectrum. 


tor absorption spectrum, but it is still present and acts 
as a background that has to be subtracted from our mea¬ 
surements. Second, acceptors that are directly excited by 
the laser, may also excite a SPP. As in the case of the 
plasmon launched by the donor, radiative losses by the 
plasmon launched by the acceptors can be detected at a 
distance d. Their spectrum will overlap with the accep¬ 
tor fluorescence peak, by artificially increasing the signal 
to be measured. Third, since acceptors are present in the 
vicinity of the donor, short range energy transfer (FRET) 
occurs. Acceptors excited by this mechanism can decay 
by launching a SPP with a spectrum overlapping with 
the acceptor fluorescence spectrum, that can be detected 
at a distance d due to radiative losses. Since the contri¬ 
bution of the FRET signal is negligible with respect to 
the signal emitted by the bead, we neglected this effect. 
In order to account for the contribution of the first and 
the second processes, we measured, for each distance d, 
the signal produced by the acceptors due to direct laser 
excitation, in the absence of the donor. This is done by 
shifting the sample such that only acceptors are excited 
by the laser. This background signal is subtracted from 
the signal measured in the presence of the donor. 

The result is shown in Eig. 3 (black data) for several 
distances d. The peak centered at 610 nm is due to ra¬ 
diative losses of the SPP launched by the donor, while 
the peak centered at 695 nm is the fluorescence of the 
acceptors excited by the plasmon. The presence of the 
second peak is the unambiguous signature of the occur¬ 
rence of energy transfer through the SPP excitation. Eor 
comparison, a control sample made of donors and ac¬ 
ceptors on a bare glass substrate shows only short range 
energy transfer (ERET). The curve shown in red is a fit 
to the experimental data by means of a function that is 
the sum of the spectrum of the plasmon excited by the 
donor as measured on the sample without acceptors (see 
Eig. 2a) and of the spectrum of acceptor fluorescence on 
silver (shown in Eig. Ic). The fit function has only two 
free parameters that are normalization constants. The 
good agreement between the fit result and the experi¬ 
mental data reinforces the conclusions. A second proof 
of the observation of plasmon mediated energy transfer 
over distances of up to 7 jam is given by the graph shown 
in red in Eig. 4, where we report the integral of the 
energy transfer spectra, after subtraction of the plasmon 
losses signal, as a function of the distance from the donor. 
As done in Eig. 2b, data are fitted with a decreasing ex¬ 
ponential function to take into account the exponential 
decay of the plasmon propagation as a function of the 
distance. This allows us to measure the energy transfer 
range let = 5.4 ± 0.9 jam. We checked that, for different 
donors on the same sample and for different acceptor con¬ 
centrations, the energy transfer range is consistent with 
the data shown in the manuscript. 

At first sight, it might be surprising to measure ^et ^ 
Id- However this can be understood by taking into ac- 
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FIG. 4. Red: Intensity of the acceptor fluorescence as a func¬ 
tion of the distance d from the donor (dots) and expected the¬ 
oretical dependence (solid line). Blue: Intensity, as a function 
of the distance d, of the plasmon launched by the donor inte¬ 
grated over the region of the spectrum that overlaps with the 
acceptor absorption, i.e. 635 nm < A < 680 nm, (dots) and 
expected theoretical dependence (solid line). Error bars have 
been calculated by taking into account the statistical error on 
the entries in each bin of the spectrum histogram. 


count the wavelength dependence of the plasmon energy 
absorbed by the acceptors. Indeed, if we measure Id 
by taking into account only the spectral region around 
the maximum of the acceptor absorption spectrum (i.e. 
635 nm < A < 680 nm), we find a propagation length of 
5.3 ± 1 jam. This result agrees with the value of let- Data 
are plotted in blue in Fig. 4 together with the fit result 
(blue solid lines). This is a further evidence of the fact 
that acceptors are excited via the SPP launched by the 
donor. 

The energy transfer rate is defined as the enhance¬ 
ment of the donor decay rate induced by the presence 
of the acceptors. In the present realization of the experi¬ 
ment, a reliable measurement of the energy transfer rate 
at long distances is not possible, due to the occurrence 
of FRET between the donors and the surrounding ac¬ 
ceptors. Therefore, we theoretically estimated the plas¬ 
mon assisted energy transfer efficiency by calculating the 
Green function at the interface between two semi-infinite 
media (PVA and silver). As it is reported in the supple¬ 
mental material, the presence of the metallic film induces 
an enhancement of up to a factor of 30 with respect to 
the energy transfer occurring in a homogeneous medium 
(n = 1.5) [23]. In conclusion, we have demonstrated the 
occurrence of SPP assisted energy transfer between fluo¬ 
rescent emitters located at distances of up to 7 jam on the 
top of a thin silver film. This observation was supported 
by the measurement of the propagation distance of the 
SPP on silver, measured on an independent sample and 
by a very good agreement with the theoretically expected 
value. 

The transfer range which we demonstrate is 60 times 


larger than the only value reported in the literature so far 
on plasmon mediated energy transfer between fluorescent 
emitters [24]. In [24], the authors studied the energy 
transfer between two layers of molecules located on both 
sides of a silver film, a configuration that differs from 
the one studied in this Letter. The maximum thickness 
of the film, fixing the maximum distance of the energy 
transfer, was 120 nm. 

This work is the first step towards the observation 
of a plasmon assisted coupling between fluorophores, 
and opens rich perspectives. Indeed, a more efficient, 
long-range energy transfer can be reached by shaping 
the plasmonic support. Energy transfer efficiency can 
be enhanced by several orders of magnitude by using 
structured plasmonic supports, such as hybrid plasmon- 
dielectric waveguides [25] and could allow the demon¬ 
stration of efficient long-range energy transfer between 
single photon emitters. The realization of optimized sub¬ 
strates for the observation of the energy transfer would 
open rich perspectives in several domains that are con¬ 
cerned by inter-molecular coupling, spanning from biol¬ 
ogy to physics. In particular, the use of recently de¬ 
veloped techniques for the accurate nanopositioning of 
fluorescent emitters in the near-held of nanostructured 
samples [26, 27] will be required for studies of optimized 
structures towards the realization of devices. 
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